This paper discusses the effects that imperfect conductors have on the propagation characteristics of planar transmission-line structures.
INTRODUCTION
The speed of processors is increasing each year, and has resulted in faster pulses on printed circuit hoard (PCB) transmission-line (TL) structures. Faster pulses imply high-frequency content propagating on the TL. Highfrequency propagation characteristics of lossy (i.e., finite conducting metals) TLs can adversely affect signal integrity in high-speed digital lines. Hence, a serious need exists to understand and accurately characterize the propagation of high-frequency waveforms (narrow-pulse digital waveforms) on lossy transmission-line structures. This paper discusses propagation Characteristics associated with finite conducting TLs.
EFFECTS O F FINITE CONDUCTIVITY
The distributed series impedance Z and shunt admittance Y per unit length of TL are defmed as where R (W/m), L (H/m), C (F/m), and G (S/m) represent the series resistance, series inductance, shunt capacitance and shunt conductance per unit length (p.u.l.), respectively. In general, all four of the transmission-line parameters are frequency dependent. Of most interest in this paper are the finite conductivity effects, which generally affect R, L, and C . We will neglect the effects on C . L represents both the external and internal inductance. At dc, L is essentially the external plus the dc internal inductance. As the frequency increases, due to the well known "skin effect", the internal inductance decreases [ l , 2, 31 and L approaches the external inductance. On the other hand, as the frequency increases, R increases from its dc value &, due to the decreasing of the effective cross section of the conductor. As the frequency increases from dc, the internal fields are forced toward the surface of the conductors and are no longer uniformly distributed in the conductor cross-section. This results in a f i (where f is frequency) behavior in R anda l/fihehavior in L [l-31. This dispersive nature of the line parameters causes two adverse effects. The first is associated with pulse distortion due to loss, and the second is associated with the change in the characteristic impedance Z , due to field penetration into the metals. Pulse distortion is discussed first. The timedomain high-speed digital waveforms alter their shape when propagating along a lossy TL. This is illustrated in Figure I , which shows results both for accurately accounting for dispersion and for assuming only dc loss (i.e., no dispersion). The pulse on the lossy TL is broadened and exhibits the classic late-time tail, seen in time-domain response of lossy media. From this figure we also see that the dc approximation (i.e., dc losses only) does not correctly predict the pulse shape. The pulse obtained from the dc approximation is larger in amplitude and narrower in width. Notice however, that the two results in this figure approach the same late-time values. This is due to the fact that the late-time response corresponds to low frequency in the frequency domain, which the dc model captures. On the other band, the early-time response (the front edge of the pulse), which corresponds to high frequency in the frequency domain, is where the two cases differ. This is due to the fact that the dc model cannot capture the highfrequency behavior of the TL. This illustrates the need to accurately characterize loss for signal integrity analysis. 
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The second issue addressed in this paper is the effect of fmite conductivity on the characteristic impedance Z , . The Z , of a TL changes as a function of frequency due to field penetration into the finite conductive metals, becoming large at low frequencies and monotonically approaching an asymptotic limit at high frequency.
In this paper, we present expressions for predicting R p.u.1. for a finite conducting planar TLs. We will also present closed-form corrections (due to field penetration) for the characteristic impedances of planar TLs. RESISTANCE p.u.1.
In previous work [4], the electromagnetic fields in the vicinity of an edge of a conducting strip have been investigated with a matched asymptotic-expansion technique. With this asymptotic solution of the fields, the power loss in the region local to the edge was determined accurately. It has been demonstrated that this accurate representation of the power loss near an edge can be used to obtain closed-form expressions for the conductor loss This impedance boundary condition takes into account coupling from the top and bottom sides of the strip and is given by
r% where U. and E, are the permeability and permittivity, respectively, k, is the complex wave-number in the medium, and t is the strip thickness. The geometric factor GF is a function of the geometry of the planar structure and is given for a microstrip and stripline (SL) by [4-71:
where w is the strip width. For coplanar waveguide (CPW) and coplanar strips (CPS) the corresponding expression is
where K(g) is the elliptic integral of the first kind. For the CPW line a is one-half of the center conductor width, b is one-half of the total distance between ground planes, and g = a / b . For the CPS line, a is one-half the strip separation, b is the strip width plus one-half the separation, and g = m. In these expressions for GF, A is a parameter referred to as the stopping distance and is a function of the strip thickness, the edge shape, and the conductor's properties. Values of A for normal conductors and superconductors are given in [S, 61.
Unfortunately, due to the inherent assumptions made in the derivation of this expression, R does not reduce to the dc limit. R vanes monotonically from its dc value to the 0 behavior at higher frequency. Such a variation can be approximated by the following expression:
where R, is given in equation (2) and %, is the dc resistance. This expression assures that %, is obtained for small values of the t / 6 (where 6 is the skin depth). A comparison of this expression to the measured data for a microstrip line is shown in Figure 2 . This comparison differs by no more than 4%. Comparisons to other structures show similar or better correlation. To further illustrate the accuracy of these expression, the attenuation constant obtained from equation (2) is compared to both measured [8, 91 and full-wave [lo] results. Figures 3, 4 , 5, and 6 show such comparisons for microstrip, strip-line, CPS and CPW structures, respectively. Once again, good correlation is demonstrated.
There are a few interesting things to notice in these four figures. ne expressions given here are tor conductor Loss only; dielectric losses are not included. In some situations the dielectric loss can be significant and needs to be considered in the loss calculations. This is illustrated in Figure 4 , where it is shown that for the particular structure investigated, dielectric loss is important. A discussion of dielectric loss can be found in [3] and in [13, 141.
The classic approach for determining conductor loss is the wall-loss perturbation approach based on Wheeler's incremental inductance rule. Figure 6 compares this wallloss approach both to the expression presented here and to a full-wave result. The classical Wheeler's incremental inductance rule fails because the surface impedance used in Wheeler's rule does not account for the edge effects of the conductors (see [4] ). The expressions presented here do account for edge effects.
Finally, with these expressions we can investigate how R changes with strip thickness t and with changes in the conductivity. Figure 7 shows R as a function of strip thickness f for two values of frequency. As expected, the loss is larger for the higher frequency. Furthermore, notice that R increases dramatically for f < 1 pm. This is due to the fact that cross-sectional area decreases and so the edge effects become more important for small t. The equations in (7) and (8) are valid for perfectly conducting infinitely thin strips. For high-frequency applications, where there is little field penetration into the conducting strips, these two expressions give valid results. However, when the frequency decreases or the material properties of the conducting strip are such that the fields penetrate into the strip, these expressions break down. An accurate representation of the fields that penetrate into the conducting strip allows us to develop corrections for 2,.
In previous work [4], the fields in the vicinity of an edge of a conducting strip have been investigated with a matched asymptotic technique. Extending this work, corrections to the characteristic impedance of any planar structure can be developed with the following procedure. Inside the conducting strips the electric fields are zero to zeroth-order, and the dominant fields in the conductor are magnetic [4] . The presence of the imperfect conductor will change only the inductance of the line; the capacitance is unchanged from that of a perfect conductor. Thus, the characteristic impedance of a quasi-TEM mode can be approximated by (9) where z, is the characteristic impedance for a perfectly conducting infnitely thin structure [given in (7) and (S)], Y~ is the propagation constant for a finite conductor of thickness I, and y m o is the propagation constant for a perfectly conducting infinitely thin structure, given by
We have, however, neglected the change of C,, and Lo when the thickness changes from f = 0 to r * 0 It is tempting to determine the change in the propagation constant by using standard perturbation methods; however this approach will fail due to the fact that the edge effects cannot he accounted for in a standard surface-impedance boundary condition. By assuming the conductors are infinitely thin, an approximate current density on the strips could be obtained and the stopping-distance idea can then be used to develop the following expression:
where GF is the geometric factor given in eqs. (4) and (5). Using equations (9) and (IO), the characteristic impedance due to fields penetrating into the conductor is given by 1 Figures 9 and 10 show the corrected characteristic impedance calculated from (1 1) for a CPW and microstrip line, respectively. In these figures, experimental results ([IS] and [191) for the characteristic impedances are also shown. Good correlation between the present theory and experimental results is demonstrated. Note that the correction [the second term in (I I)] approaches zero in the high-frequency limit, so asymptotic limits in Figures 9 and   10 are 2,. We should also note that, due to the approximations made here, equation (1 1) will break down at very low frequencies. Frequency (MHz) Figure 1 0 Characteristic impedance for a microstrip with w=75pm, h=llOpm, t=1.6pm, o=4.0x107S/m, and ~,=12.9.
CONCLUSION
In this paper we presented a closed-form expression for determining the resistance (R) p.u.1. for various planar structures. These expressions have been compared to both measured and full-wave solutions, and good correlation is demonstrated. We also presented closed-form corrections for the characteristic impedances of planar structures that account for the field penetration inside the conducting strips. The expression for Z , compares very well to experimental results. The finite-conductivity effects discussed in this paper are important and may need to be considered when designing high-speed digital lines.
